We studied climate trends and the occurrence of rare and extreme temperature and precipitation events in northern Fennoscandia in 1914-2013. Weather data were derived from nine observation stations located in Finland, Norway, Sweden and Russia. The results showed that spring and autumn temperatures and to a lesser extent summer temperatures increased significantly in the study region, the observed changes being the greatest for daily minimum temperatures. The number of frost days declined both in spring and autumn. Rarely cold winter, spring, summer and autumn seasons had a low occurrence and rarely warm spring and autumn seasons a high occurrence during the last 20-year interval (1994)(1995)(1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012)(2013), compared to the other 20-year intervals. That period was also characterized by a low number of days with extremely low temperature in all seasons (4%-9% of all extremely cold days) and a high number of April and October days with extremely high temperature (36%-42% of all extremely warm days). A tendency of exceptionally high daily precipitation sums to grow even higher towards the end of the study period was also observed. To summarize, the results indicate a shortening of the cold season in northern Fennoscandia. Furthermore, the results suggest significant declines in extremely cold climate events in all seasons and increases in extremely warm climate events particularly in spring and autumn seasons.
Introduction
Observations from northern regions have shown a significant warming trend during the past decades [1, 2] . Temperatures at northern high latitudes have increased more than twice as fast as the global average. This phenomenon, usually referred as arctic or polar amplification, is driven by complex climate system feedbacks, such as reductions of sea ice and snow cover and changes in atmospheric and ocean circulation [3] [4] [5] . Nevertheless, the magnitude and spatiotemporal pattern of warming and associated precipitation changes show a strong variation across circumpolar areas [6] [7] [8] .
In addition to increasing temperatures, climate warming is expected to lead to increases in frequency, intensity and duration of several extreme weather and climate events [9] [10] [11] . Earlier observational and climate model studies focused mainly on changes in mean climate, and possible changes in weather and climate extremes started to be analyzed only since the early 1990s [12, 13] . An extreme weather event is an event that is rare within its statistical reference distribution at a particular place, whereas an extreme climate event is an average of a number of weather events over a [52] , the Eklima web portal of Norwegian Meteorological Institute (Sihccajavri, Tromsø, Vardø) [53] and the European Climate Assessment & Dataset project (Teriberka, Kandalaksa, Svyatoy Nos, Ostrov Sosnovez) [54] . The Abisko dataset was provided by the Abisko Scientific Research Station. The number of months excluded from the analyses of temperature and precipitation due to lack of data is given in Supplementary Material (Table S1 ).
In addition to temperature and precipitation data in northern Fennoscandia, we used seasonal time series of two indices of the North Atlantic Oscillation (NAO). The station-based index has been calculated as the difference of normalized sea level pressure between Lisbon, Portugal and Stykkisholmur/Reykjavik, Iceland, and the principal-component index is defined by the leading empirical orthogonal function of sea level pressure over the Atlantic sector (20°-80° N, 90° W-40° E) [55] . Both indices are provided by the Climate Analysis Section, NCAR, Boulder, USA [56] . [54] . The Abisko dataset was provided by the Abisko Scientific Research Station. The number of months excluded from the analyses of temperature and precipitation due to lack of data is given in Supplementary Material (Table S1 ).
In addition to temperature and precipitation data in northern Fennoscandia, we used seasonal time series of two indices of the North Atlantic Oscillation (NAO). The station-based index has been calculated as the difference of normalized sea level pressure between Lisbon, Portugal and Stykkisholmur/Reykjavik, Iceland, and the principal-component index is defined by the leading empirical orthogonal function of sea level pressure over the Atlantic sector [55] . Both indices are provided by the Climate Analysis Section, NCAR, Boulder, USA [56] .
Statistical Analyses
Observations of daily mean, minimum and maximum temperatures and precipitation were used to calculate annually: (1) monthly mean air temperature, (2) monthly mean of daily maximum air temperatures, (3) monthly mean of daily minimum air temperatures, (4) the number of frost days (TMin < 0 • C) in April-May and in September-October, and (5) monthly precipitation sum. Long-term trends in temperature and precipitation conditions were studied using linear and non-parametric models. The magnitude of the trend with 95% confidence intervals was calculated for each calendar month using the least squares method and non-parametric Sen's trend estimate. The statistical significance of the trends was calculated using the Mann-Kendall trend test.
Most long-term climatic time series are influenced by inhomogeneities, i.e., non-climatic factors, like changes in observational instruments and practices, station relocations and changes in station environment. A homogenous time series is defined as one where variations are caused only by variations in climate. Time series influenced by inhomogeneities may lead to deceptive conclusions about the state of climate and possible trends included. In this study, we applied HOMER [57] , software for detecting inhomogeneities in time series of essential climate variables at monthly and annual time scales. It is an outcome of the COST Action ES0601 HOME, which carried out a blind benchmarking experiment to compare and validate homogenization algorithms, resulting in a group of recommended methods [58] . HOMER integrates the best characteristics of some of these recommended methods into one interactive open access software tool. It is a semi-automatic multiple breakpoint method utilizing state-of-the-art homogenization algorithms that are able to work with inhomogenous reference series [57, 59, 60] .
We limited detection of inhomogeneities with respect to monthly mean, minimum and maximum temperatures, since time series of precipitation are more difficult to homogenize due to lower cross-correlations [58] , especially with a sparse station network like ours ( Figure 1 ). Because of the lack of metadata and the sparse station network and in order to make sure that no possible false detections are given importance, we took a rather reserved approach to isolated inhomogeneities, i.e., to inconsistencies detected in one of the temperature series but not in two others. This demand of having inhomogeneities simultaneously in more than one of the temperature variables (difference of one year accepted) is one way to provide some additional evidence for detection based solely on statistics. We decided not to adjust any time series even if inhomogeneities were detected. Instead, when reporting the results, we place more emphasis on homogeneous stations and stations with only isolated inhomogeneities than on stations with coinciding inhomogeneities.
In the analysis of the time series, seasonal mean temperature values in (1) December-February, (2) March-May, (3) June-August and (4) September-November were first calculated for each year. Separately for each weather station, a rarely cold (or warm) season was then defined as a case belonging to the 10th (or 90th) percentile of the mean seasonal temperature values, respectively (10 rarely cold/warm seasons per station during the 100-year study period). Second, extremely low and high daily temperatures and extremely high daily precipitation sum in (1) January, (2) April, (3) July and (4) October were studied. Extremely low daily temperatures were defined as belonging to the 1st percentile of minimum daily temperatures, and extremely high daily temperatures were defined as values belonging to the 99th percentile of maximum daily temperatures. Extremely low and high temperatures were defined separately for each station (30 or 31 extremely cold/warm days per station during the study period). Extremely high precipitation was defined as values belonging to the 99th percentile of daily precipitation sum. The Sihccajavri, Tromsø and Vardø weather stations were excluded from temperature analyses, because maximum temperature values were available only since 1925-1955.
Temporal distribution of rarely cold and warm seasons and extreme daily events was studied over the past 100 years by examining their total occurrence (all included weather stations) during five subsequent 20-year intervals, the first covering the years 1914-1933 and the last, years 1994-2013. A temporally even distribution of the occurrence would imply that each 20-year interval had 20% of the cases. Averages of the seasonal mean NAO indices were calculated for the same 20-year periods.
Results

Temperature and Precipitation Variability and Trends
The weather stations were located over a wide range of latitudinal, altitudinal and continental-oceanic values ( Figure 1 , Table 1 ). The 100-year mean annual temperature ranged from −0.6 to 2.8 • C across the stations. Tromsø (4) and Vardø (5) weather stations were characterized by oceanic climate with high annual mean temperatures and precipitation sums. Sodankylä (2), Sihccajavri (3) and Kandalaksa (7) weather stations were characterized by continental climate with a large difference in winter and summer temperatures. The Abisko weather station (1) was located at the highest altitude in the Scandinavian mountain chain. Teriberka (6), Svyatoy Nos (8) and Ostrov Sosnovez (9) were the most eastern weather stations located on the shore of the Arctic Sea.
In the context of homogeneity testing, three stations were found to be homogenous, i.e., no inhomogeneities were detected in any of the temperature time series (stations 1, 6 and 9). Only isolated inhomogeneities were found from stations 2 and 4. Inhomogeneities consistent between at least two of the three temperature variables were found from stations 3, 5, 7 and 8 mainly before the 1950s and 1960s. Inhomogeneities detected from the temperature series of stations 3 and 7 mean that the period 1914-1957 (1914-1961) was on average about 0.5 • C too warm compared to the latter part of the studied time period. At station 5, the period 1914-1954 was on average 0.3 • C too cold compared to the period 1955-2014. At station 8, the period 1914-1980 was on average 0.2 • C too cold compared to the period of 1981-2013.
Statistically significant warming trends across the period 1914-2013 were found in March-May in all studied locations and in September-October in most of the locations ( Table 2 ). The monthly mean minimum temperatures showed the greatest increases, 0.1-0.5 • C decade −1 . Focusing on the five stations with no or only isolated inhomogeneities, we can see that the mean and maximum temperatures increased by 0.1-0.3 • C decade −1 . Monthly mean minimum temperatures, in particular, increased at some stations also in summer, whereas nearly no increasing trends were found during winter months. Annual mean minimum temperatures increased by 0.1-0.3 • C decade −1 at four of the five stations with no or only isolated inhomogeneities. Statistically significant trends in annual mean temperature and in annual mean maximum temperature were less commonly detected. It is worth noting that inhomogeneities detected in the time series of stations 5 and 8 potentially mean weaker warming trends than shown in Table 2 and vice versa for stations 3 and 7.
The number of frost days varied between 29 and 50 days in April-May and between 13 and 37 days in September-October ( Figure 2 ). The number of frost days declined by 7-11 days century −1 in April-May and 0-12 days century −1 in September-October in five stations with no or only isolated inhomogeneities.
Statistically significant trends in monthly precipitation sums were less common compared to those in temperatures ( Table 2 ). Monthly precipitation sums increased significantly particularly in October and December (1.1-3.7 mm decade −1 ) and in July (3.3-4.0 mm decade −1 ) at several eastern and coastal stations, but only at a few stations in the other months. Annual precipitation sums increased by 5-38 mm decade −1 at four stations (1, 3, 4, 7). Table 2 . Trends (p < 0.05) and the 95% confidence intervals over the period 1914-2013 for monthly and annual means of daily mean, minimum and maximum temperatures ( • C/decade) and monthly and annual precipitation sums (mm/decade) using a least-squares method. Sen's trend estimate produced nearly identical results (not shown in the table). Homogeneous stations (1, 6, 9) or stations with only isolated inhomogeneities (2, 4) TMean 0
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The number of frost days varied between 29 and 50 days in April-May and between 13 and 37 days in September-October ( Figure 2 ). The number of frost days declined by 7-11 days century -1 in April-May and 0-12 days century -1 in September-October in five stations with no or only isolated inhomogeneities. 
Rarely Cold and Warm Seasons
The rarely cold seasons (defined as cases belonging to the 10th percentile of the mean seasonal temperature values) did not occur temporally evenly among the five 20-year intervals of the study period. In particular, the last interval (1994-2013) had low proportions of rarely cold seasons (2%-9% of all rare events, depending on the season) ( Figure 3 ). Rarely cold winter and summer seasons occurred in the study region, particularly between 1954 and 1993 (69%-71% of seasonal rare events), and rarely cold spring and autumn seasons occurred especially in 1913-1934 and 1954-1973 (67%-72% of seasonal rare events).
On average, 37% of rarely warm spring seasons and 48% of rarely warm autumn seasons (defined as cases belonging to the 90 th percentile of the mean seasonal temperature values) occurred in 1994-2013 ( Figure 3 ). On the contrary, rarely warm winter and summer seasons had no significant peaks during the last 20-year interval, but occurred more evenly during the 100-year study period. For example, 59% of rarely warm summer seasons occurred during the second and third 20-year periods .
A tentative comparison between the occurrence of rarely cold or warm seasons and the average NAO indices during the five 20-year intervals suggested that although the portion of cold winters had a tendency to decrease with increasing wintertime NAO, as could be expected, the period 1974-1993 did not fit into that general picture. This interval was characterized by a large portion of cold winters, a typical number of mild winters and a high NAO value. Rarely warm winters were most uncommon during the period of the most negative winter NAO (1954 NAO ( -1973 , and the share of rarely cold springs clearly decreased with increasing principle-component spring NAO index. Otherwise, no clear linkages were found between the occurrence of extreme seasons and the oscillation pattern.
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Extreme Daily Events
The number of days with extremely low minimum temperatures in April, July and October (defined as 1st percentile of minimum daily temperatures) was noticeably smaller during the last 20-year interval compared to other time periods (4%-9% of all extremely cold days) ( Figure 4) . Extremely low minimum temperatures in April occurred particularly during the first 20-year interval of the study period (39% of days with extremely low temperatures), whereas extremely low temperatures in July and October were more evenly distributed between the time period of 1914-1993. Extremely low minimum temperatures in January occurred particularly in 1973-1994.
On average, 36% and 42% of days with extremely high maximum temperature in April and October (defined as 99th percentile of minimum daily temperatures, respectively, occurred during the last 20-year interval of the study period (Figure 4) . Extremely high daily temperatures in January were more evenly distributed over the 20-year study intervals. Extremely high daily temperatures in July occurred particularly in the time period of 1954-1973 (43% of all extreme values).
Extreme daily precipitation sums were relatively evenly distributed over the studied 20-year intervals ( Figure 5 ). However, a slight tendency of higher extreme daily precipitation sums towards the end of the study period could be observed.
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Discussion
The results showed that northern Fennoscandia is experiencing increasing surface air temperatures, steeper trends in monthly mean minimum rather than maximum temperatures, slight increases in precipitation as well as a changing occurrence of extreme climate events. The most 
The results showed that northern Fennoscandia is experiencing increasing surface air temperatures, steeper trends in monthly mean minimum rather than maximum temperatures, slight increases in precipitation as well as a changing occurrence of extreme climate events. The most noticeable changes were observed in spring and autumn seasons and to a lesser extent in the summer. These results are consistent with studies from the circumpolar areas reporting increasing temperature trends [40, 46] , narrowing diurnal temperature ranges [50] , shortening cold season, declining number of frost days [61] [62] [63] [64] , an increasing number of extreme warm events and a declining number of extreme cold events [11, 48, 51, [65] [66] [67] [68] [69] . For example, the mean temperature in Finland has risen by 0.14 • C/decade during the years 1847-2013 with the highest increases in winter and spring months [45] . In Fennoscandia, a long-term decrease of diurnal temperature range has been observed. The warming trend has been most notable in March-May with a significant increase in mean maximum air temperature by 0.4 • C/decade during the period 1950-1995 [50] . The fact that hardly any statistically significant warming trends were detected in winter can be explained by the high variability of temperatures during that season. Fewer and less pronounced trends were likewise found in summer than in spring and autumn. This feature is common to other Nordic areas as well [40, 50] .
The trends detected hitherto are broadly consistent with climate model projections showing a warming influence of increasing greenhouse gas concentrations. In northern Fennoscandia under the high-emission RCP8.5 forcing scenario for the period 2040-2069, temperatures are projected to increase by 4-6 • C in winter and by 2-3 • C in summer, relative to 1981-2010, while the warming rate in spring and autumn is expected to fall between these values [70] . Simultaneously, the diurnal temperature range is projected to decrease by about 1 • C in winter, but less so in summer. The observed slight increase in extreme precipitation events is likewise consistent with projected increase in extreme precipitation on northern Fennoscandia [71, 72] .
Besides resulting from anthropogenic influences on the climate system, climate variations and trends may be due to natural internal processes within the climate system (internal variability), and natural external forcing (volcanic eruptions, solar activity). NAO is a leading pattern of weather and climate variability over the northern hemisphere [55] , and it is known to have a significant influence on wintertime temperatures and precipitation in the Nordic region [73] and references therein. Although our simple comparison between the portions of rarely warm or cold seasons and seasonal NAO indices at 20-year averaging intervals does not allow any definite inferences, it seems as if the share of rarely cold springs clearly decreased with increasing principle-component spring NAO index. Stronger-than-average westerlies over the middle latitudes during a positive phase of NAO might, however, have a less pronounced impact on local climate in our study area than south of 65 • N [74] . Of importance are also other atmospheric oscillation patterns, such as Siberian high [46] and Scandinavian blocking [75] .
The reduced sea ice in the Barents and White Seas [75] [76] [77] and associated circulation changes have been regarded as likely principal drivers behind the observed warming in the Kola Peninsula [46] . During the most recent time span considered by us (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) , the mean annual ice cover in Barents Sea was notably small [76] , and substantial areas of the Barents Sea became ice-free year round [77] . Consistent with that, rarely warm spring and autumn seasons were frequent in northern Fennoscandia, while the portions of rarely cold spring, summer and autumn seasons were at their lowest (Figure 3 ).
In the homogeneity testing, we aimed to reveal the most pronounced inhomogeneities having the largest influence on the analyzed time series. This approach was driven by the sparse station network and the lack of available station history metadata. Although use was made of state-of-the-art homogenization algorithms in HOMER, the homogeneity testing performed in this study must be considered rather simplistic. However, we are confident that even this simplistic approach improves the robustness of analyzes and helps to assess uncertainties. First, at five stations out of nine, no or only isolated inhomogeneities were detected in the time series of monthly mean, minimum and maximum temperatures. Trend analyses for these stations can be regarded as rather reliable. Second, the inhomogeneities at the remaining four stations may be taken into account in a qualitative manner. One may argue that in the absence of no-climatic biases in the temperature data of stations 3 and 7, even greater warming trends had been analysed, whereas inhomogeneities detected in stations 5 and 8 potentially mean weaker warming trends.
A shortening of the cold season, declines in extremely cold climate events in all seasons and increases in extremely warm climate events, particularly in spring and autumn seasons, can have several consequences. In northern Fennoscandia, spring and autumn seasons are transitional periods of melting and formation of continuous seasonal snow, ice and ground frost. Snow covers the ground several months in the winter with the longest duration in the Scandinavian mountain range [78, 79] . Increasing spring temperatures are likely to result in more efficient and earlier snow melt in the future. Furthermore, the observed increases in precipitation together with warmer air temperatures in the beginning of the cold season are likely to result in increases in rainfall and decreases in snowfall [80] [81] [82] . A shorter duration of snow cover and increasing air and soil temperatures alter the geophysical and hydrological characteristics of the high-latitude areas [3, 78, 83] . As the cryosphere, climate and terrestrial ecology are closely related, these changes have significant impacts on the structure and functioning of high-latitude ecosystems and human activities [79, [84] [85] [86] .
Decreases in the length of the cold season can result in major changes in vegetation and have a variety of impacts on distribution, abundance, migration and overwintering of high-latitude species [87] [88] [89] . Vegetation in northern Fennoscandia is characterized by coniferous forests, birch forests and open tundra. A warming climate is predicted to result in shrubification of tundra with important consequences for habitat availability and ecosystem functioning [90] . A shorter period of snow cover also significantly decreases surface albedo, which has a positive feedback on global climate change [3, 91] . A majority of ecological studies have concentrated on studying impacts of warming during the spring and summer, whereas the autumn season has been largely neglected [92, 93] . The significant temperature increases in the late autumn observed in this study highlights the need of more autumnal research in arctic and subarctic areas.
Hydrological changes in warming climate, such as increased river discharge and altered freeze-up and break-up timing for rivers, lakes and oceans, have important consequences in northern ecosystems and communities [94] . In the Barents region, for example, consequences of hydrological changes are assumed to include alterations in nutrient cycling, species distributions and animal fitness, which eventually are reflected in ecosystem services and local livelihoods [26] . Permafrost thawing has been reported in many parts of the circumpolar area as a consequence of warmer ground temperatures [95] . Permafrost and its dynamics are major drivers of hydrological and geomorphological processes [96] . The northern parts and mountain regions of Fennoscandia belong mainly to the zone of discontinuous permafrost. In these areas, thawing permafrost can cause various hazards, such as less stable ground and slope failures that can threaten local community infrastructure and become an increasing cost factor in the maintenance and construction of mountain infrastructure [97] [98] [99] . There is also evidence that palsas, peat covered permafrost mounds containing segregation ice and surrounded by wet mires, are shrinking in northern Fennoscandia [100] .
Understanding the extreme events and their effects is one of the major challenges of current climate research [2] . For example, extreme weather events may affect the ecosystem functioning by causing or accelerating the shifts in species composition and distribution or by changing competitive interactions within the ecosystem. Sudden and extreme events can change the whole system characteristics through disturbance effects and can drive ecosystems beyond their stability and resilience [101] [102] [103] . It may be probable that reaching the tipping point of the near-zero • C in common cold season temperatures is critical, and northern ecosystems and societies are especially sensitive to this kind of regime shift [85] .
Reindeer herding in northern Fennoscandia is a good example of the impacts of both gradual warming and extreme climate events on a socio-ecological system [104, 105] . Reindeer access to lichen during the winter is strongly dependent on snow cover characteristics [106] . The formation of the snow cover during the autumn is considered crucial for all winter conditions. During unstable early winter with several 0-degree days, there is a high probability of icy snow cover or ground ice formation that prevents reindeer access to lichens [33] [34] [35] 38] . Warmer and wetter winters have been reported to decrease reindeer condition and productivity and increase their mortality in Nordic countries and Russia. Extreme climate events, such as warm spells during the cold season and heavy rain-on-snow events can also result in formation of icy layers in the snowpack with negative impacts on reindeer populations [85] . A recent study [51] found that the rate of melt days in winter increased by 3-9 days decade −1 in Nordic arctic islands and mainland over the past 50 years. Furthermore, an increase in precipitation sum for winter melt days was observed [51] . Warm conditions in the late winter may lead to wet and slushy snow that hamper reindeer grazing and herding [35] . Increasing temperatures can also, e.g. lead to a declining extent of summer snowbeds and snow patches [82] . These isolated spots of snow in summer are important resources for reindeer through decreasing insect harassment and temperature stress and providing fresh high-quality fodder along the melting edges of snow [107] .
Conclusions
Significant increasing trends in spring and autumn temperatures, increasing occurrence of extremely warm events and decreasing occurrence of extremely cold events suggest notable changes in northern Fennoscandian cold season characteristics. Based on climate model projections, these changes are not likely to decelerate in the future, rather vice versa, unless efficient mitigation actions will be realized. The shortening duration of the cold season together with higher minimum temperatures and more frequently occurring extremely warm climate events are likely to have major impacts on geophysical, hydrological and ecological as well as socio-economic systems of high latitude environments.
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